ABSTRACT Sucrose-gradient purified mitochondria, glyoxysomes, and proplastids from germinating castor bean (Ricinus communis L.) endosperm were examined by electron-spin resonance spectroscopy. A temperature-induced phase change was demonstrated in all of these organelles, their derivative membranes, and in micelies formed from the membrane phospholipids. The apparent transition temperature of the membrane lipids varied slightly between the samples, but in all cases, fell within the temperature range around 10 C where physiological and biochemical changes in the response to temperature for most chilling-sensitive plants occur. It has been shown previously (1 1, 13) that an immediate and direct response to decreasing temperature in chilling-sensitive plants is a phase transition. This transition from a liquidcrystalline state to a solid-gel state occurs in the lipid portions of the subcellular membranes at a critical temperature around 10 C. The phase transition in the lipid portion of the membrane alters the kinetics of enzymes which are embedded in the lipid matrix or otherwise tightly associated with the membrane (13).
It has been shown previously (1 1, 13) that an immediate and direct response to decreasing temperature in chilling-sensitive plants is a phase transition. This transition from a liquidcrystalline state to a solid-gel state occurs in the lipid portions of the subcellular membranes at a critical temperature around 10 C. The phase transition in the lipid portion of the membrane alters the kinetics of enzymes which are embedded in the lipid matrix or otherwise tightly associated with the membrane (13) .
A definitive method of demonstrating temperature-induced phase changes in cell membranes is provided by ESR3 spectroscopy (9, 11, 13) . In this technique, the lipid phase of a membrane is permeated with a lipophilic, paramagnetic probe and the effect of temperature on mobility of this probe is determined. Thus, the temperature at which the membrane lipids undergo a transition from the liquid-crystalline to the solidgel phase can be measured. This 
MATERIALS AND METHODS
Castor beans (Ricinus communis L. var. Hale) were soaked overnight and then planted in moist vermiculite. The seedlings were dark-grown in a humidified cabinet at 30 C for 4 to 5 days without further watering. The endosperm and cotyledons were comminuted by passage through a Branton-De Silva tissue slicer, using four parts by volume of grinding medium (3) per part by weight of tissue. The homogenate was centrifuged at 600g for 10 min and the supernatant was recentrifuged at 10,000g for 15 min. The pellet was resuspended in 30% (w/w) sucrose-10 mm Tricine-1 mm EDTA, pH 7.5, and loaded onto a zonal gradient contained in a Beckman Ti 15 rotor, as described by Douglass et al. (6) . The gradient was centrifuged at 35,000 rpm for 4 hr and unloaded in 20-ml fractions. The fractions were assayed for protein (8) and organelle-marker enzymes. Succinoxidase (12) , aldolase (14) , and isocitrate (4) were used as respective markers for mitochondria, proplastids, and glyoxysomes. Figure 1 gives a detailed distribution of the protein and marker enzymes thus obtained. All three enzymes were assayed in at least every fifth fraction and in all tubes containing major amounts of protein within each protein peak. To avoid confusion, data points for succinoxidase and aldolase were omitted where the activity of these enzymes was insignificant (<<5% of activity in the most active fractions). The peak tubes for the mitochondria (fraction 39) and the glyoxysomes (fraction 57) are sharply resolved and there appears to be very little overlap with proplastids (fraction 47). A sample was taken from the peak tube of each organelle fraction for spin-labeling.
The fractions containing a particular organelle were then bulked and treated as follows. The mitochondrial fraction was diluted 1:5 (v/v) with 0.1 M Tricine-1 mm EDTA, pH 7.5, and centrifuged at 10,000g for 30 min. The pellets were resuspended in the washing medium. The proplastid fraction was diluted 1:5 (v/v) with 0.1 M Tricine-1 mm EDTA, pH 7.5, and centrifuged at 27,000 rpm for 2 hr in a Beckman SW 27 rotor. The pellet was resuspended in the wash medium. bility, the ratio of the mid (h.) and high (h-,) field lines were taken from the spectra. Arrhenius plots were then prepared with log h0/h-1 plotted as a function of the reciprocal of temperature. EDTA, pH 7.5, and centrifuged in the same manner as the proplastids. The pellet was resuspended in 0.1 M Tricine-1 mM EDTA, pH 7.5. Samples of these washed and sedimented membrane preparations were taken for spin-labeling.
Other samples were extracted with chloroform-methanol by a method adapted from that of Bligh and Dyer (2) . The resultant chloroform extract was taken almost to dryness under nitrogen at 40 C, the residue was redissolved in diethyl ether, and phospholipids were isolated on a preparative silica gel thin layer plate (7). The phospholipids were eluted from the silica gel with methanol and taken almost to dryness under nitrogen at 40 C, and the residue was redissolved in chloroform. Aliquots of the phospholipid extracts were taken almost to dryness under nitrogen, and the residue was dispersed by sonication in 0.1 M tris, pH 7.2. The resultant micelles were spin-labeled.
Lipid extracts were also transesterified with BF. (10) . The methyl esters were analyzed by gas-liquid chromatography at 220 C on a 180 X 0.32 cm column of 20% (w/w) diethylene glycol succinate coated on chromosorb W (acid-washed, dimethyldichlorosilane-treated), using a Varian Aerograph chromatograph with a flame-ionization detector.
The various membrane and phospholipid samples were examined by ESR, using 12-nitroxide stearate as the spin label, as described previously (13) . ESR spectra were determined as a function of temperature and a parameter of spin-label mo- dissimilar properties, the ESR spectra are still determined by the molecular interaction that exists between the spin label and host molecule.
The transfer of momentum between spin label and host molecule determines the information in the resulting ESR spectrum. Therefore, any change of state in the host is reflected in this transfer process. Temperature-dependent physical state changes, "phase transitions," appear as changes in the slopes of Arrhenius plots (from which changes in activation energies, Ea, may be calculated) of motion parameters such as h0/h-l against the reciprocal of temperature.
The Arrhenius plots thus obtained from ESR measurements of the spin-labeled organelles are shown in Figure 2 . Each of the organelles studied exhibit a change in physical state, "break," in the vicinity of 10 C. The break in the Arrhenius plot for the mitochondria and glyoxysomes occurred between 10 to 12 C and that for the proplastids between 8 to 10 C. When pooled fractions of each organelle (mitochondria, fractions 36 to 42; proplastids, fractions 46 and 47; glyoxysomes, fractions 55 to 61) were lysed to solubilize nonmembrane protein and sedimented to collect the membranes, the Arrhenius plots again exhibited breaks, all of which appeared between 10 to 12 C (Fig. 3) .
Phospholipid extracts from all three membrane samples also exhibited discontinuities in Arrhenius plots derived from ESR . 
RESULTS AND DISCUSSION
Spin labels have been used in a variety of different biological and model systems to obtain information about molecular processes (9) . Spin labels give information about their local environment and for cases where the spin-label molecule is a minority species such that the spin label-spin label interaction is a rare event, the ESR signal is a function of the interaction between the spin labels and the host molecules. In some cases the spin-label molecule has geometrical and chemical properties similar to that of its host, while in other cases their properties may be quite different. In the former case it is expected that the spin-label's motional behavior will be similar to the host. In cases where the similarity is small between spin label and host, it is expected that the local environment of the spin label will be that of an impurity and may have molecular motion reflecting a more fluid environment than is predictable from examination of the bulk properties of the host matrix. Where the spin label is adequately similar to the host to reflect the motional behavior of the host molecules, the analysis of the ESR spectra is direct. Where the spin label and host have spectra (Fig. 4) . In this series the mitochondrial preparations showed a break below 10 C whereas glyoxysomal and proplastid phospholipids showed breaks in the range of 10 to 12 C. The estimates of apparent transition temperatures obtained for the phospholipid samples are probably valid measures of the actual transition temperatures of the membrane lipids in vivo because any nonpolar lipids which might have contaminated the original membrane preparations were removed. Such contaminants could materially alter apparent transition temperatures. Most nonmembrane lipids should have been washed from the organelle membranes during passage through the sucrose gradient and this was confirmed by analyzing the fatty acid methyl esters prepared from crude chloroformmethanol eXtracts of the membrane fractions. No trace of methyl ricinoleate was detected. This fatty acid is a major constituent of storage triglycerides in castor bean (1) , and so should serve as a sensitive marker for triglycerides or free fatty acids formed by triglyceride degradation. Thus, the variation in the temperature at which breaks occurred in the results for intact organelles, lysed and washed membrane fragments, and the membrane phospholipids cannot be readily explained as an effect of lipid contaminants. However, all breaks occur in the vicinity of 10 C and close agreement exists between the transition temperature of mitochondrial phospholipids and the break temperature for mitochondrial succinoxidase activity (11, 13) .
The membranes of castor bean endosperm mitochondria, proplastids, and glyoxysomes all undergo a phase change at about 10 C, and this phase change occurs in the phospholipid component of the membranes. These observations extend those reported for other chilling-sensitive plant tissues (11, 13) and focus importance on temperature-dependent changes in the physical state of subcellular membranes in the control of physiological processes. In a subsequent paper (5), the relationship between these changes in physical state and the kinetics of the associated enzymes and enzyme systems is examined.
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